The progeny from mixed infections of tobacco protoplasts with a temperature sensitive (ts) and a temperature resistant (wt) strain of cowpea chlorotic mottle virus at restrictive temperatures (35 °C) was largely (9o~o) is, judged by the coat protein produced by single lesion isolates grown at 25 °C. However, although apparently ts at 25 °C, many isolates were temperature resistant at 35 °C and produced virus. Successive 'purification' through single lesions allowed normal ts or wt viruses to be recovered from these unusual isolates. The genomes of ts and wt appear able to co-exist in mixed infections; ts is dominant over wt at all temperatures so that most of the progeny has ts genome, but wt remains available to rescue ts under restrictive conditions. There was no evidence that the phenomenon was due to recombination.
INTRODUCTION
Plant protoplasts can be efficiently and synchronously infected with viruses (Takebe, 1975) and it has further proved possible to infect them simultaneously with two or more viruses or virus strains (Dawson et al. I975; Otsuki & Takebe, 1976 , 1978 Barker & Harrison, I978) . Protoplasts therefore offer certain advantages in the study of the development and interaction of viruses in mixed infections. We have previously reported the infection of tobacco protoplasts with two strains of cowpea chlorotic mottle virus (CCMV), one of which could produce infectious RNA but not intact virus particles at high temperatures (> 33"5 °C) whilst the other (wt) produced intact virus (Dawson et al. I975) . In these studies it was found that at both 25 °C (non-restrictive conditions) and 35 °C (restrictive conditions) the majority of the local lesions produced by this virus (around 90 ~o) gave rise to particles having a ts coat protein when grown at 25 °C, although the coat protein in protoplasts at 35 °C was presumably that of the type-strain. This would seem therefore an unequivocal example of the rescue of one virus or part of it by another but with the peculiarity that the defective virus in some way excludes the type-strain virus. We report here details of further analyses of the progeny obtained from these experiments.
METHODS

Production of virus in plants.
Strains of CCMV were grown, assayed and purified as before (Bancroft et al. 1972) ; ts and wt CCMV were routinely distinguished by a heat denaturation test: a precipitate was obtained when ts was heated for 3 min at 43 °C in I M-NaCI containing o.o2 M-tris-HCl, pH 7"4, but wt gave a precipitate only when heated to 6o °C. The ts strain was routinely checked for the presence of wt revertants by propagation at 35 °C and checking for presence of infectious virus particles. No wt revertants have been observed during propagation over a period of more than 6 years.
Single lesion isolates were obtained by inoculating leaves of Chenopodium hybridum. Isolates were bulked on cowpea plants and purified as above.
Tobacco protoplast culture. Protoplasts were prepared from leaves of Nicotiana tabacum (cv. White Burley), inoculated, cultured and scored for infection using fluorescent antibody staining using the procedures of Motoyoshi et al. (I974) . Virus yield was determined physically by sucrose density gradient analysis of homogenized protoplasts (Motoyoshi et al. 1974) . Mixedly infected protoplasts were obtained by resuspending freshly centrifuged protoplasts (2 X IO 6) in 20 ml 0"7 M-mannitol, o.oI M-potassium citrate, pH 5.2, containing o'5/zg wt, 0"5/zg ts and t #g poly-L-ornithine/ml (Dawson et al. r975 ). The protoplasts were left Io min then washed by centrifugation three times with 0"7 M-mannitol and cultured for 24 h at 25 °C or 35 °C; control cultures inoculated with ts or wt alone were also prepared. The protoplasts were next washed three times with o'7 M-mannitol and homogenized in I ml o.2 M-potassium acetate buffer, pH 4"7, centrifuged at 3ooo rev/min for IO min and the clear supernatant fluid collected and used to inoculate leaves of C. hybridum. Single lesions were cut out and the virus isolates bulked on cowpea and analysed for ts or wt character by the heat denaturation test.
RESULTS
Temperature sensitivity of isolates
The original experiments with protoplasts (Dawson et al. I975) showed that at 35 °C virus particles were only recovered in the presence of wt virus; the ts controls gave no virus at 35 °C, indicating that reversion to wt had not occurred. However, when the virus from mixedly infected protoplasts grown either at 25 °C or 35 °C was inoculated to Chenopodium hybridum and single lesions were isolated and the virus isolates bulked on cowpea at 2I °C, 9 ° ~ of the isolates had ts coat as determined by the heat denaturation test.
The ts strain has proved very stable over several years of bulk propagation and no wt revertants have been observed. The mutation conferring temperature sensitivity is located on RNA 3 (Bancroft & Lane, I973) but whether there are other mutations on RNA I and 2 is not known. It is known, however, that an important feature of its temperature sensitivity is failure to synthesize stable coat protein, although infectious RNA is produced normally at 35 °C (Dawson et al. I975)-The results with mixedly infected protoplasts show that a rescue of at least part of the ts genome had occurred; but whether this was due to heterologous coating of the ts genome with wt coat protein or some other process was not clear. The progeny of the original isolates were therefore examined further.
Purified virus isolates derived from mixedly infected protoplasts grown at 35 °C and characterized as ts by the heat denaturation test were inoculated to cowpea plants and tobacco protoplasts at 25 °C and 35 °C. No virus production would be expected at 35 °C if the isolates were truly ts, but of I8 isolates examined in this way on cowpea plants at 35 °C, six behaved as ts giving no infectious virus and I2 were wt, giving infectious virus when assayed. In contrast, all seven isolates grown in tobacco protoplasts proved to be ts, measured by fluorescent antibody staining and assay on sucrose density gradients, although the controls, run at 25 °C had in all cases infections in excess of 25 ~ and 2 to IO #g of virus particles per sample (I to 2 x IO 6 protoplasts). There was thus a discrepancy between performance in cowpea leaves and tobacco protoplasts. There was also a difference in the symptoms observed in infected cowpea leaves at 35 °C but these did not necessarily correspond with the number of lesions obtained on assay which was designed only to determine presence or absence of infectivity.
It was not clear whether the apparent combination of ts and wt properties in some of the isolates was because the isolates were mixtures of ts with traces of wt virus, mixtures of parts of both viruses in various proportions or had undergone modifications (e.g. recombination) during the original mixed infection experiment with tobacco protoplasts or during subsequent propagation in plants. The heat-denaturation test would not detect the presence of small amounts of wt virus, while failure to detect wt virus in infected protoplasts grown at 35 °C would not unequivocally demonstrate the absence of trace amounts of wt virus because virus obtained from protoplasts represents the products of virus multiplication over a relatively short period of one infection cycle, without subsequent secondary infection of neighbouring cells.
A further I6 purified virus isolates from mixedly infected protoplasts grown at 35 °C and characterized by the heat-denaturation test as possesing ts coat protein, were examined for ability to multiply in cowpea plants at 2I °C and 35 °C. The results are shown in Table I . All the plants showed mottle; the virus in the plants grown at 35 °C was transferred to further plants which were grown at 35 °C and used to prepare purified virus. Heat-denaturation tests showed that seven isolates gave only a wt coat response, four gave a ts coat response without detectable amounts of wt coat and five isolates gave no heat response. These last five had shown few or no symptoms during the bulking stage in cowpeas and yielded only small amounts of purified virus; they were presumably normal ts isolates which had failed to produce significant amounts of intact virus during the initial growth on the single cowpea plant at 35 °C and therefore failed to infect when transferred again to cowpeas at 35 °C-
The seven isolates which gave only a wt response after culture at 35 °C were presumably mixtures of wt and ts virus. They would be expected to give both ts and wt coat responses to heat-denaturation test after culture at 21 °C. They were therefore bulked on cowpea plants grown at 21 °C and the virus purified. The heat-denaturation test showed that six of the seven isolates gave a ts coat response and gave a further increase in turbidity when the temperature was raised to 60 °C, indicating the presence of some wt coat. These isolates were therefore mixtures of ts and wt virus. * The virus failed to multiply in cowpea plants at 21 °C.
The four isolates which appeared to be wt with a ts coat response were each passed through single lesions on C. hybridum plants at 2I °C for two passages. After the second passage five lesions for each isolate were separately transferred to cowpea plants at 2I °C and the virus purified (if present) for examination by the heat-denaturation test. The results are shown in Table 2 ; two of the four isolates gave a wt coat response; the other two gave a ts coat response. Of these last two only one was able to multiply in tobacco protoplasts at 35 °C.
DISCUSSION
These results indicate that all except one of the anomalous isolates examined were mixtures of ts and wt virus or parts of their genomes in varying proportions. Since there are difficulties in cloning a multicomponent virus like CCMV by single lesions, the evidence that the single exception is not a mixture is equivocal and the data do not provide evidence either for recombination or mutation during the experiments.
The most striking feature of the results is the dominance by ts over wt in the mixed infection. The genetic analysis of Bancroft & Lane (I973) deals only with temperature sensitivity and therefore does not allow us to decide whether or not RNA I and z are also concerned with dominance. Dominance and ts characters segregated together in the original experiments with mixedly infected protoplasts, suggesting, but not proving, that they are linked, i.e. both on RNA 3. The available evidence therefore suggests that a complete system of RNA t and 2, assumed common to both strains of virus, and two forms of RNA 3 is the simplest (but not necessarily the correct) description of the mixture. It is possible that even in long term bulking of ts virus in cowpea plants, as opposed to single rounds of infection in tobacco protoplasts, the stability of the strain may have been due to the dominance factor suppressing wt revertants. The results indicate that even in long term bulking of virus in plants the two strains may co-exist with ts genome predominating but wt providing coat protein at high temperatures. From one point of view the mixture can be thought of as a relatively stable system of virus (ts) with helper (wt) although the relative proportions of the different parts of the genomes remain unknown.
